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a b s t r a c t
Although tree ferns are an important component of temperate and tropical forests, very little is known
about their ecology. Their peculiar biology (e.g., dispersal by spores and two-phase life cycle) makes it
difﬁcult to extrapolate current knowledge on the ecology of other tree species to tree ferns. In this paper,
we studied the effects of negative density dependence (NDD) and environmental heterogeneity on popu-
lations of two abundant tree fern species, Cyathea caracasana and Alsophila engelii, and how these effects
change across a successional gradient. Species patterns harbor information on processes such as com-
petition that can be easily revealed using point pattern analysis techniques. However, its detection may
be difﬁcult due to the confounded effects of habitat heterogeneity. Here, we mapped three forest plots
along a successional gradient in the montane forests of Southern Ecuador. We employed homogeneous
and inhomogeneous K and pair correlation functions to quantify the change in the spatial pattern of dif-
ferent size classes and a case–control design to study associations between juvenile and adult tree ferns.
Using spatial estimates of the biomass of four functional tree types (short- and long-lived pioneer, shade-
and partial shade-tolerant) as covariates, we ﬁtted heterogeneous Poisson models to the point pattern
of juvenile and adult tree ferns and explored the existence of habitat dependencies on these patterns.
Our study revealed NDD effects for C. caracasana and strong environmental ﬁltering underlying the pat-
tern of A. engelii. We found that adult and juvenile populations of both species responded differently to
habitat heterogeneity and in most cases this heterogeneity was associated with the spatial distribution of
biomass of the four functional tree types. These ﬁndings show the effectiveness of factoring out environ-
mental heterogeneity to avoid confounding factors when studying NDD and demonstrate the usefulness
of covariate maps derived from mapped communities.
© 2014 Geobotanisches Institut ETH, Stiftung Ruebel. Published by Elsevier GmbH. All rights reserved.
Introduction
Determining the processes that promote species coexistence
and the maintenance of high diversity is a central issue in ecology,
especially in mega diverse tropical forests (Wright, 2002). Previous
studies have proposed several processes including gap dynamics,
niche segregation, ecological drift and negative density dependent
relationships (Wright, 2002; Zimmerman et al., 2008).
Negative density dependence (NDD) reduces the aggregation of
conspeciﬁcs affecting especially early life stages such as saplings
or seedlings when they occur in high densities or near conspeciﬁc
∗ Corresponding author. Tel.: +34 685489313.
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adults. Resource competition among congeners and the abundance
of specialist pathogens andherbivores increasewithdensity result-
ing in depressed recruitment in the close vicinity of adults (for a
recent review see Terborgh, 2012). It is hypothesized that NDD
enhances plant diversity by making space available for other plant
species (Janzen, 1970; Connell, 1971). However, NDD effects may
be difﬁcult to detect due to the confounding effects of habitat het-
erogeneity (e.g., habitat ﬁltering), which can affect both adult and
juvenile density irrespective of plant–plant interactions.
Tree ferns represent a conspicuous fraction of tropical, tem-
perate and cool wet forests (Smale et al., 1997; Bellingham et al.,
1999). Surprisingly, few studies have focused on this biological
component (Kramer, 1993;Márquezet al., 1997;Arens, 2001; Jones
et al., 2007; Bystriakova et al., 2011) compared toﬂowering species.
Unfortunately, our knowledge onNDDandhabitat ﬁltering in other
trees cannot be directly applied to tree ferns, as these organisms
http://dx.doi.org/10.1016/j.ppees.2014.02.003
1433-8319/© 2014 Geobotanisches Institut ETH, Stiftung Ruebel. Published by Elsevier GmbH. All rights reserved.
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Table 1
Main questions, statistical approach, and related ﬁgures of this study.
Questions Statistical approach Related ﬁgures
(1) Is the spatial distribution of the two tree ferns (Cyathea
caracasana and Alsophila engelii) affected by large-scale
environmental heterogeneity?
L-function of adults and juveniles of the two tree ferns populations,
using a null-model of “complete spatial randomness” (CSR)
Fig. 3
(2) Which factors are driving the spatial heterogeneity on
juveniles and adults of the two tree ferns populations, and
how this factors change across succession?
(a) Fit log-linear models for tree-fern intensity (density) to several
maps summarizing the distribution of four functional tree types
(guilds) in each forest plot
Fig. 4 and Fig. S1.
Tables 2 and 3
(b) Inhomogeneous-L function of adults and juveniles of the two tree
ferns, using the weighted-average log-linear models as estimate of the
intensity function
(3) Is NDD affecting the spatial pattern of these two tree
ferns and how are the effects of NDD changing across
succession?
(a) Differences of K-functions and pair-correlation functions under a
case–control design using a null model of random labeling.
Figs. 5 and 6 and Figs.
S2 and S3
(b) Differences of K-functions and pair-correlation functions under a
case–control design using a modiﬁed random labeling null model
present two independent life phases (a tiny and relatively simple
gametophyte and awell-developed, conspicuous sporophyte)with
different biotic and abiotic ﬁlters and ecological determinants of
their performance (Watkins et al., 2007). To gain insight on how
plant diversity is assembled in these forests, we need to address
the challenging question of how and where tree ferns recruit.
In this study, we explored the spatial patterns of two abundant
tree ferns, Cyathea caracasana and Alsophila engelii, in three con-
trasting successional stages inamontane tropical forest in southern
Ecuador. Our aimwas to determine if negative density dependence
exists in the studied populations, as widely reported for tropical
trees, and if so, to separate the effects of this process from those of
other drivers of coexistence, such as habitat ﬁltering or plant–plant
interactions (Law et al., 2009). In order to do this, we used recent
techniquesof spatial point pattern analysis (WiegandandMoloney,
2004).
Spatial patterns are known to be responses to some underly-
ing ecological processes (McIntire and Fajardo, 2009), and negative
density dependent processes are probably among those with a
more evident spatial signal (Kenkel, 1988; Moeur, 1997; Plotkin
et al., 2002). When NDD operates, adults appear spaced as a func-
tionof the intensity of negativedependenceandare less aggregated
than juveniles (Janzen, 1970; Stoll and Bergius, 2005). Conse-
quently, the existence of NDD and its effects can be determined by
analyzing changes in spatial patternsover time (Sterner et al., 1986;
Kenkel, 1988;Moeur, 1997; Getzin et al., 2008;Murrell, 2009) or by
comparing the spatial distribution of individuals of different ages
when no mortality data are available (Getzin et al., 2008; Zhu et al.,
2010; Bagchi et al., 2011). Although spatial point pattern analysis
is an efﬁcient tool for revealing NDD effects, spatial patterns may
also be the result of ﬁrst-order effects (i.e., coarse scale habitat het-
erogeneity) operating simultaneously in the community (Chapin
et al., 1989; He and Duncan, 2000; Wright, 2002; Wiegand et al.,
2007; Murrell, 2009). For example, heterogeneity can cause higher
densitiesof individuals in favorable sitesdue tomicrohabitatdiffer-
ences and plant preferences, or higher mortality and poor growth
in less favorable sites (Purves and Law, 2002; Wright, 2002; Getzin
et al., 2008;Murrell, 2009).However, a clear separationof these two
processes and their effects may not always be feasible (Law et al.,
2009). For example, plant aggregation could be due to locally suit-
able environment, which is the opposite of what we would expect
under NDD, leading to an increase in clustering along the ontogeny
(Murrell, 2009). Thus, in order to detect NDD effects (if present) or
other spatial signals thatmay be inﬂuenced by plant–plant interac-
tions, the effects of spatial heterogeneity must also be considered
(Law et al., 2009). The importance of environmental heterogeneity
in determining the spatial pattern of trees is being increasingly rec-
ognized and some approaches have been proposed (e.g., Wiegand
et al., 2007; Getzin et al., 2008). However, few attempts have been
made to explicitly test the effects of speciﬁc environmental factors
(but see Bagchi et al., 2011) or community properties (e.g., spatial
distribution of functional diversity, but see Perry et al., 2013) as a
source of heterogeneitywhen studyingNNDorother spatial signals
in plant populations.
With this in mind, we fully mapped three plots representing
contrasting succession stages in an evergreen tropical montane
forest in southern Ecuador. We conducted parallel analyses in
successional stages as plant–plant interactions and ontogenetic
necessities shift abruptly along succession in tropical forests
(Franklin and Rey, 2007). Some studies suggest different toler-
ance to light environment among tree ferns (Bittner and Breckle,
1995; Arens and Baracaldo, 2000; Arens, 2001; Jones et al., 2006),
and both C. caracasana and A. engelii are long-lived pioneer
species which require a high-light environment for successful
establishment and survival (Arens, 2001). Therefore, we used the
spatial distribution of functional groups of trees with different
afﬁnity for light as a rough proxy of light conditions in this for-
est to account for environmental heterogeneity while examining
the existence of NND effects in the populations of these two
species.
We speciﬁcally aimed to determine: (i) the effect of environ-
mental heterogeneity on the spatial distribution of two age-classes
(adults and juveniles) of these two tree ferns, (ii) the role of
NDD as a driver of their spatial pattern and (iii) whether the
effects of NDD and environmental heterogeneity change across
succession.
The speciﬁc questions, analyses and related ﬁgures of this study
are summarized in Table 1.
Materials and methods
Site description and data collection
Three plots of approximately 0.5ha were established and
fully mapped in the upper San Francisco River in Prov. Zamora-
Chinchipe, southern Ecuador (Fig. 1). Plots were located at a
distance of less than 1km from one another at altitudes around
2000m.a.s.l., on the steep slopes (30◦) of an impressive gorge. Cli-
mate is classiﬁed as tropical and per-humid (Lehnert, 2007). Mean
annual precipitation is around 4000mm/year (Rollenbeck, 2006).
Two plots were located in the Chamusquín Biological Station of the
Universidad Técnica Particular de Loja (UTPL) and the third in the
Biological Reserve San Francisco (RBSF). Each plot represents dif-
ferent stages in the succession of the tropical montane rain forest
(Beck et al., 2007). The plot in San Francisco (5200m2) is located
within an extensive patch of undisturbed tropicalmontane rainfor-
est (Beck et al., 2007), whereas the two plots in Chamusquín follow
the shape of two forest fragments of recently disturbed montane
Author's personal copy
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Fig. 1. The locationof the threeplots inEcuador andphotographof theSanFrancisco
plot.
forest. Plot Chamusquín A (5610m2) was severely affected by a
forest ﬁre 25 years ago, whereas Chamusquín B (4366m2) was dis-
turbed by maintenance works on the Loja-Zamora road around 10
years before the mapping took place. We identiﬁed the species in
the three plots and tagged all individual trees with a dbh>5 cm.
We measured the height of tree ferns and dbh for the rest of the
trees.
We also obtained the position coordinates (x, y) of each indi-
vidual to the nearest cm using a measuring tape. All tree species
were assigned to one of the four functional types usually consid-
ered in tropical forest ecology: short-lived pioneer (SLP), long-lived
pioneer (LLP), shade-tolerant (ST) and partial shade-tolerant (PST)
(Turner, 2004; Poorter et al., 2006).
We classiﬁed each individual tree fern as adult or juvenile on the
basis of height, as age is poorly related to dbh in tree ferns since
tree ferns do not undergo secondary growth (Roberts et al., 2005;
Mehltreter and García-Franco, 2008). Furthermore, trunk height is
frequently used as a proxy for age in tree ferns (Seiler, 1981, 1995;
Bittner and Breckle, 1995). Individual tree ferns were classiﬁed
according to the 99thpercentile (h99) of the distribution of individ-
ual heights (Bagchi et al., 2011). Tree fernswith a height >h99×2/3
were classiﬁed as adults, while treeswith a height <h99×1/3were
classiﬁed as juveniles (Fig. 2). Trees with a height between 1/3 and
2/3 of the 99th percentile were excluded from the cohort analy-
ses. Although these classes would probably not agree with a strict
demographic classiﬁcation of adults and juveniles, we used these
terms following recent studies on NND in tropical forest (Bagchi
et al., 2011) and for the sake of brevity.
Spatial analysis
We analyzed the spatial pattern of tree-ferns using univariate
and bivariate versions of Ripley’s K-function (Ripley, 1976; Illian
et al., 2008) and the pair-correlation function (Stoyan and Stoyan,
1994; Wiegand and Moloney, 2004; Illian et al., 2008). For a homo-
geneous point pattern where  is pattern intensity (i.e., density),
K(r) is the expected number of points within a circle of radius
r around an arbitrary point. Similarly, jKij(r) is deﬁned as the
expected number of type “j” pointswithin distance r of an arbitrary
type “i” point, where j is the intensity of type “j” points. The pair-
correlation function g(r) is related to the derivative of the K func-
tion, i.e., g(r) =K′(r)/(2r) and can deﬁned as the expected number
of points at a distance approximately equal to r from an arbitrary
point, divided by the intensity of the pattern (Illian et al., 2008).
We also used the inhomogeneous K-function [Kinhom(r)] to
account for spatial heterogeneity. To compute the inhomogeneous
K-function it is assumed that the observed point pattern is gen-
erated by a two-step process, where an originally homogeneous
pattern is thinned according to an inhomogeneous thinning surface
(x), which only depends on the location x. This thinning surface
describes the environmental heterogeneity and is proportional to
the intensity of the two-step process (Baddeley et al., 2000). For
a point located at x, we expect on average 1/(x) points for the
initial, pre-thinned homogeneous pattern. Having estimated (x),
e.g., fromenvironmental covariates, the inhomogeneousK is there-
fore calculated as the homogeneous K but weighting each data
point by 1/(x) (Getzin et al., 2008). To facilitate visual interpre-
tation, we used the L-function, i.e., square root transformed K:
L(r) = [K(r)/]1/2 − r (Besag, 1977). If the pattern is homogeneous
Poisson (i.e., CSR) or inhomogeneous Poisson with intensity func-
tion (u), then K(r) =Kinhom(r) =r2 and L(r) = Linhom(r) = 0. Both
homogeneous and inhomogeneous K-functions were estimated
using Ripley’s isotropic edge correction (Ripley, 1978). All the func-
tionswere estimated up to 25m (i.e., rmax =25m)with steps of 1m.
Test of heterogeneity
To assess the existence of heterogeneity, we conducted a CSR
test on the adult and juvenile tree fern populations in each plot.
Large-scale heterogeneity produces locally high tree densities,
which leads to signiﬁcant increases in the L-function at larger
scales (Wiegand and Moloney, 2004). Signiﬁcant positive devia-
tions from a homogeneous Poisson process at r scales larger than
theaverage species interactiondistance are acceptedas a conﬁrma-
tionof environmental heterogeneity (WiegandandMoloney, 2004;
Getzin et al., 2008). Several studies have pointed out that species
interactions in humid tropical forests decrease signiﬁcantly or are
negligible at distances greater than 10m (Wiegand et al., 2007;
Hubbell et al., 2001; Uriarte et al., 2004). This distance may even be
smaller for tree ferns, which have smaller crowns than most trees.
Thus, for each tree fern population in each plot, we compared the
L-function to the 25th lowest and highest value of 999 simulations
of the homogeneous Poisson process, and looked for positive devi-
ations for r scales >10m. As the simulation envelopes represent
point-wise tests and this approach may inﬂate Type-I error, we
performed a goodness-of-ﬁt (GOF) test in the range 10–25m using
the u statistic (Diggle, 2003; Loosmore and Ford, 2006).
Estimation of intensity functions
For forest stand patterns which suggested large-scale hetero-
geneity, we ﬁtted an inhomogeneous Poisson model to each tree
fern population using the ppm() function of spatstat (Baddeley
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Fig. 2. Maps of the studied tree fern populations. (A) Chamusquín A. (B) Chamusquín B. (C) San Francisco. Both Chamusquín A and B plots follow the shape of two small forest
fragments. San Francisco is a polygonal plot set in a large forest patch. Black dots: Alsophila engelii. Orange dots: Cyathea caracasana. Gray symbols represent individuals of
other species, classiﬁed in the four functional types considered in the study. Size of the gray symbols is proportional to the basal area of each individual.
and Turner, 2005). This function ﬁts the intensity of the observed
point pattern as a log-linear function of one or several covariates
maximizing likelihood (Baddeley and Turner, 2000). This is done
using GLM likelihood-based tools for model selection and evalu-
ation (Baddeley and Turner, 2005). When modeling point pattern
intensity, covariates can take the form of a map showing the varia-
tion of the environmental factor of interest throughout the area
(the window) of the pattern. Our working hypothesis was that
light demands in the competing neighborhood have a clear effect
on the growth and survival of these tree ferns, determining the
position they can attain in the canopy to survive and reproduce.
For this study, we built several covariate maps summarizing the
distribution of four functional tree types in each plot: short-lived
pioneer (SLP), long-lived pioneer (LLP), shade-tolerant (ST) and
partial shade-tolerant (PST). These can be considered indicators of
important environmental conditions, such as light availability and
intensity of local interspeciﬁc competition (Turner, 2004; Poorter
et al., 2006). For instance, a high abundance of short-lived pio-
neers at a pointwould indicatehigh light availability at recruitment
and local inter-speciﬁc competition. We built biomass distribution
maps for each functional type in each plot, smoothing basal-area
values of individual trees on a grid of 1m2 resolution with an
isotropic Gaussian kernel (with sigma values of 5, 10, 15 and 20m).
The sigma value in these functions is the standard deviation of the
Gaussian kernel. Changing sigma values allows us to explore the
scale at which each covariate best explains the spatial pattern of
the two tree ferns. As both C. caracasana and A. engelii are long-
lived pioneers (LLP), the computation of the LLP covariate for their
models excluded the basal area of C. caracasana and A. engelii tree
ferns. We also computed smoothed density estimates of adults (C.
caracasana or A. engelii) with Gaussian kernels of variable sigma (5,
10, 15 and 20m) as additional covariates to estimate the intensity
Author's personal copy
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functions of juveniles. We ﬁtted log-linear models of tree intensity
as a function of each individual spatial covariate for each juvenile
and adult population. Among the four maps for each functional
type (one for each sigma), we selected the map whose model had
the smallest AIC for each population. We did the same with the
adult-density covariates for the juvenile populations. This provided
us with four covariates for each adult population and ﬁve covari-
ates for each juvenile population (the four functional types plus
the adults).We then computed variance inﬂation factors to exclude
correlated covariates that could affect model ﬁt. Finally, we ﬁtted
models with all combinations of the remaining covariates for each
population. These models were combinations of 3 (7 models), 4
(15 models) or 5 covariates (31 models), depending on the exist-
ence of collinearity and age class. As there was over-dispersion
in responses, we used the overdispersion parameter (psi) of the
most complex model for each population to compute the quasi AIC
(QAIC) for each model (Burnham and Anderson, 2002).
For each population, models were ranked according to their
QAIC. QAICs were computed relative to the ﬁrst model (i.e., the
modelwith the smallestQAIC), and allmodelswithQAIC>4were
discarded, as they have less empirical support than models with
QAIC<4 (Burnham and Anderson, 2002, p. 170). We used QAIC
values to compute the Akaike weight (wi) of each of the selected
models, and wi was used to compute a weighted-average model
(BurnhamandAnderson, 2002) for each population. Theweighted-
average models provided a parametric estimate of the intensity
function of each population. To assess the effect of each covari-
ate on the distribution of each population, we computed a relative
importance value (RIV) based on theweight of themodels inwhich
they were included. For this, we summed the wi values of all the
models inwhich each covariate appeared (Burnham andAnderson,
2002).
Spatial model evaluation
To test whether the models accounted for the heterogeneity
in the observed point pattern, we performed a “spatial” model
evaluation. This consisted of evaluating the consistency of the
inhomogeneous-L function of the pattern with the ﬁtted inho-
mogeneous Poisson process. This is similar to the usual null
test of complete spatial randomness, i.e., computing simulation
envelopes, but in this case derived from the inhomogeneous Pois-
son model. Thus, the weighted-average log-linear models were
used as estimates of the intensity functions. The simulation pro-
cedure when using the inhomogeneous L consists of two steps.
First, a homogeneous Poisson process is simulated in the observed
window, and then each simulated point x is “thinned” with a prob-
ability proportional to 1/(x), where (x) is the intensity estimated
at location x (Baddeley et al., 2000). If the ﬁtted intensity surfaces
correctly account for theheterogeneity, the inhomogeneous L func-
tion should not deviate signiﬁcantly from the simulated envelopes
at scales r>10m.
Test of negative density dependence (NDD)
Negative density dependence results in a loss of clustering
among individuals of the same species due to mortality caused by
species-speciﬁc natural enemies (pest, pathogens and herbivores)
and competition among congeners. This mechanism can be evalu-
ated by surveying differences of K functions and pair-correlation
functions (g-functions) under a case–control design (Diggle and
Chetwynd, 1991). This design originated in epidemiological litera-
ture but has recently been applied to plant ecology (De la Cruz et al.,
2008; Getzin et al., 2008). It uses a “control” pattern to account for
the effects of heterogeneity in a population of “cases” (i.e., the pop-
ulation of interest). The null model usually employed is random
labeling, i.e., if the pattern of the cases is not different from that
of controls, they are a random subset of the joint population of
cases and controls (Getzin et al., 2008). Assuming that adult spatial
patterns indicate a favorable habitat for each species, we used the
pattern of adults as a control and treated juveniles as cases. As K
and g-functions are invariant under random labeling (Dixon, 2002),
we expected that Kj(r) =Ka(r) =Kja(r), where subscripts j and a indi-
cate juvenile and adult populations, respectively. Under this design
and the null-model, Ka(r)−Kj(r) has an expected value of 0. Thus,
if NDD is occurring, we would expect signiﬁcant negative values
at short scales r. Positive deviations at short scales would indicate
increased clustering with ontogeny (Murrell, 2009), while devia-
tions at large scales would indicate differences in the response of
the two sizes or age classes to large scale heterogeneity.
Wealso employed thedifferencesKa(r)−Kaj(r) andKj(r)−Kja(r),
which have an expected value of 0 under random labeling and
indicate whether adult and juvenile individuals follow the same
overall pattern. If Ka(r)−Kaj(r) = 0, juveniles surround adults at the
scale r in the same way as adults surround adults. In other words,
they exploit the available habitat in the same way at these scales.
Positive deviations at short scales would indicate a segregation
of adults, implying some kind of inhibition on regeneration and
recruitment (e.g., Janzen–Connell effects, etc.). Negative deviations
at short scales would indicate increased regeneration in the prox-
imity of adults, and thus, the existence of some facilitative effects of
adults on juveniles. Deviations at large scaleswould usuallymean a
difference in the realized habitat, i.e., different responses of adults
and juveniles toenvironmentalheterogeneity, indicating that some
strong environmental ﬁlter may be controlling access to the adult
class. The difference Kj(r)−Kja(r) reveals if there is an additional
pattern within juveniles (cases) that is independent of adults (con-
trols). Positive deviations at short scales, for instance, would mean
that juveniles regenerated in large gaps favorable for establishment
and survival (Getzin et al., 2008), while negative deviations would
indicate an over-mixing of juveniles among adults, i.e., they recruit
interspersed in adult clusters. We complemented the analysis with
differences of pair correlation functions which allow the isolation
of deviation from the null model at speciﬁc distance ranges due to
their non-cumulative properties (Wiegand and Moloney, 2004).
The traditional case–control design (and random labeling null
model) assumes that the intensity functions of both adult and juve-
nile populations are the same, i.e., they are determined by the
intensity of the population “at risk”, which is usually not esti-
mated (Diggle and Chetwynd, 1991). To test the effects of the ﬁtted
environmental heterogeneity on NND, we employed a modiﬁed
random labeling null model (“spatially varying random labeling”)
in which the probability of being a juvenile (i.e., a case) was pro-
portional to spatially varying probabilities p=j(x)/[j(x) +a(x)],
where a(x) and j(x) are the intensity surfaces ﬁtted for adult and
juveniles, respectively. For each relabeling, we randomly selected
the same number of juveniles of the original population without
replacement from the entire set of adults and juveniles, with each
individual’s probability of selection proportional to p (Diggle et al.,
2007; Bagchi et al., 2011).With this nullmodel, the expected differ-
ences of K and g-functions are not necessarily 0, but positive and
negative deviations from the averaged simulated differences are
interpreted in the same way as for the plain random labeling null
model.
The signiﬁcance of the observed difference-functions was
assessed by computing 95% simulation envelopes from 999 sub-
sets of nj juveniles randomly resampled from the joined pattern
of nj juveniles plus na adults, and computing GOF tests. Statisti-
cal and spatial analyses were carried out using R 2.15 software (R
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Fig. 3. Patterns of adult and juvenile tree ferns of Cyathea caracasana and Alsophila engelii, compared to a null model of complete spatial randomness (CSR) using the
homogeneous L-function. (A and B) Alsophila engelii adults in Chamusquín B and Chamusquín A plots, respectively. (C and D) Cyathea caracasana adults in Chamusquín-A and
San Francisco plots. (E and F) Alsophila engelii juveniles in Chamusquín-B and Chamusquín-A plots, respectively. (G and H) Cyathea caracasana juveniles in Chamusquín-A
and San Francisco plots.
Development Core Team, 2011). Most of the spatial analyses were
conductedwith theRpackage spatstat (Baddeley andTurner, 2005),
while differences of K and g-functions were conducted with the R
package ecespa (De la Cruz et al., 2008). The R code to select and
average ppm models on the basis of QAIC is provided as supple-
mentary documentation.
Results
We mapped a total of 2910 individuals (dbh>5 cm) of 257
species in the three study plots. C. caracasana and A. engelii
accounted for 472 and715 individuals, respectively. The total num-
ber of species per plot, individuals per functional type, basal area
per functional type and individuals per height class is summarized
in Table S1. Note that no A. engelii individuals were found in the
San Francisco plot and almost no C. caracasana individuals were
classiﬁed as adults or juveniles in Chamusquín B plot (Table S1).
Test of heterogeneity
Thepatterns ofC. caracasana juveniles (Fig. 3H) and adults in the
San Francisco plot (Fig. 3D) were clearly consistent with a homo-
geneous Poisson process, although these patterns could also be
caused by the low number of individuals in the plot. All the other
studied patterns of both C. caracasana and A. engelii juveniles and
adultswere clearly heterogeneous (theGOF test between r=10 and
25m had p-value <0.01 in all cases; Fig. 3A–G).
Does community structure (guilds) explain the heterogeneous
distribution of tree ferns?
Except for A. engelii adults in Chamusquín A, all the ﬁtted
models accounted for the heterogeneity detected in the previ-
ous analyses (Fig. 4). According to the ﬁtted models, A. engelii
adults in Chamusquín B were positively affected by the basal area
of shade-tolerant (ST) and partial shade-tolerant (PST) functional
types (Table 2). In Chamusquín A, the averaged model included
positive effects of the biomass of short-lived pioneers (SLP) on the
intensity of A. engelii adults, although model evaluation showed
that this model did not account for the observed heterogeneity.
In Chamusquín A, C. caracasana adults were positively affected by
long-lived pioneers (LLP). In San Francisco, the averaged model for
C. caracasana adults showed no signiﬁcant effects of any of the
considered covariates. The spatial evaluation showed that both the
heterogeneous and homogeneous Poisson models produced simi-
lar results.
Except for C. caracasana in San Francisco, all models for juvenile
tree ferns included signiﬁcant positive effects of the abundance of
conspeciﬁc adults (Table 3). In Chamusquín B, the models for A.
engelii juveniles also found positive effects of SLP. The averaged
model in this plot included a signiﬁcant effect of LLP. C. cara-
casana juveniles in Chamusquín A were negatively affected by SLP.
As found for adults in San Francisco, the averaged model for C.
caracasana juveniles did not reveal signiﬁcant effects of any of
the considered covariates. All signiﬁcant effects corresponded to
covariates with RIV=1 (i.e., they were selected in all models with
QAIC<4). For adults, the scale selected for most of the signiﬁcant
covariates was 20m (the largest of the four). In the case of juve-
niles, the scale selected for the inﬂuence of conspeciﬁc adults was
20 or 15m, while the scale for functional type covariates was 5 or
10m. In summary, habitat models for juvenile and adults of the
same species did not include any common signiﬁcant covariates
(Tables 2 and 3).
After ﬁtting the heterogeneous Poisson models (see intensity
surfaces in Supplementary material, Fig. S1), the spatial evaluation
revealed additional short-scale clustering of A. engelii juveniles in
both Chamusquín B (from 0 to 3m, GOF test p-value =0.029) and
Chamusquín A (from 0 to 15m, p-value =0.005) (Fig. 4E and F).
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Fig. 4. Patterns of adult and juvenile tree ferns of Cyathea caracasana and Alsophila engelii compared to the ﬁtted heterogeneous Poisson models using the inhomogeneous
L-function. (A and B) Alsophila engelii adults in Chamusquín B and Chamusquín A plots, respectively. (C and D) Cyathea caracasana adults in Chamusquín A and San Francisco
plots. (E and F) Alsophila engelii juveniles in Chamusquín B and Chamusquín A plots, respectively. (G and H) Cyathea caracasana juveniles in Chamusquín A and San Francisco
plots.
The inhomogeneous-L function of A. engelii adults in Chamusquín A
(Fig. 4B) signiﬁcantly exceeded the simulation envelopes at scales
ranging from 0 to 25m (GOF test p-value =0.001), indicating that
the ﬁtted model does not explain the heterogeneity in the spatial
pattern.
Does negative density dependence occur in tree fern populations?
In general, both K and g-function differences produced simi-
lar results. In Chamusquín A, the difference ga − gj with the null
model of random labeling showed that C. caracasana juveniles
were signiﬁcantly more aggregated than adults up to r=3m (GOF
p-value =0.002; Fig. 5A). The difference gj − gja departed signiﬁ-
cantly from the random labeling null model up to r=6m (GOF
p-value =0.001; Fig. 5C), indicating strong juvenile segregation, i.e.,
the clustering of juveniles is independent of the adult pattern. The
apparent segregation of adults between 0 and 2m (i.e., ga − gaj >0)
was signiﬁcant (GOF test p-value: 0.037; Fig. 5B). Almost identi-
cal results were obtained with the null model of spatially varying
random labeling (Fig. 6A–C and Fig. S3A–C). For A. engelii in
Chamusquín A, the null model of random labeling showed that the
clustering of adults and juveniles was similar in the 0–7m range
(GOF p-value =0.165; Fig. 5D), but adults were signiﬁcantly more
aggregated between 7 and 14m (GOF p-value =0.016; Fig. 5D). The
empirical ga − gaj difference also departed signiﬁcantly from the
random labeling null model at scales between 0 and 12m (GOF
p-value =0.006; Fig. 5E), indicating segregation of adults in this
range. On the other hand, gj − gja showed signiﬁcant over-mixing of
Table 2
Parameter estimates for the average of the selected log-linear models of intensity for each population of adult tree ferns. Covariates are smoothed basal areas of long-lived
pioneers (LLP), short-lived pioneer (SLP), shade-tolerant (ST) and partial-shade tolerant (PST) trees. Scale: standard deviation (m) of the Gaussian kernel employed to build
the spatial covariates. wEstimate, weighted estimate of the coefﬁcients in the averaged model; wSE, weighted standard error of the averaged coefﬁcients; RVI, relative value
importance of each covariate in each model; P, P-values. Bold font indicate signiﬁcant results at P<0.05. Italics indicate signiﬁcant results at P<0.1.
Population Covariate Scale wEstimate wSE P RVI P
Alsophila, Chamusquín B ST 20 0.014 0.005 0.003 1.00 0.417
PST 20 0.025 0.006 0.000 1.00 0.063
SLP 10 −0.003 0.005 0.494 0.45 0.583
LLP 10 0.005 0.006 0.478 0.44 0.365
Alsophila, Chamusquín A SLP 10 0.010 0.002 0.000 1.00 0.011
LLP 20 −0.005 0.005 0.312 0.63 0.544
PST 10 −0.001 0.002 0.428 0.55 0.222
ST 15 0.001 0.003 0.616 0.29 0.233
Cyathea, Chamusquín A LLP 20 0.028 0.011 0.012 1.00 0.723
SLP 10 −0.003 0.003 0.373 0.55 0.358
ST 20 0.000 0.003 0.937 0.33 0.717
Cyathea, San Francisco LLP 15 −0.001 0.002 0.548 0.50 0.574
SLP 5 −0.001 0.002 0.572 0.47 0.604
PST 20 0.002 0.009 0.853 0.41 0.962
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Table 3
Parameter estimates for the average of the selected log-linear models of intensity for each population of juvenile tree ferns. Covariates are smoothed densities of adults of
the same species (AD) and smoothed basal areas of long-lived pioneers (LLP), short-lived pioneer (SLP), shade-tolerant (ST) and partial-shade tolerant (PST) trees. Scale:
standard deviation (meters) of the Gaussian kernel employed to build the spatial covariates. wEstimate, weighted estimate of the coefﬁcients in the averaged model; wSE,
weighted standard error of the averaged coefﬁcients; RVI, relative value importance of each covariate in each model; P, P-values. Bold font indicate signiﬁcant results at
P<0.05. Italics indicate signiﬁcant results at P<0.1.
Population Covariate Scale wEstimate wSE P RVI P
Alsophila, Chamusquín B AD 20 219.518 50.469 0.000 1.00 0.001
SLP 5 0.000 0.001 0.522 0.38 0.062
LLP 20 0.006 0.010 0.538 0.37 0.589
ST 10 0.000 0.001 0.916 0.28 0.364
Alsophila, Chamusquín A AD 15 51.199 4.252 0.000 1.00 0.000
LLP 10 0.013 0.002 0.000 1.00 0.052
ST 10 −0.001 0.001 0.572 0.33 0.213
SLP 10 0.000 0.001 0.826 0.28 0.050
Cyathea, Chamusquín A AD 20 103.647 27.695 0.000 1.00 0.069
SLP 10 −0.009 0.003 0.011 1.00 0.173
PST 20 0.002 0.004 0.595 0.30 0.344
ST 15 0.002 0.004 0.610 0.30 0.501
LLP 20 −0.001 0.005 0.786 0.26 0.727
Cyathea, San Francisco AD 10 96.138 119.766 0.422 0.52 0.341
SLP 20 0.004 0.006 0.529 0.43 0.789
LLP 15 −0.001 0.002 0.599 0.39 0.648
PST 5 0.002 0.003 0.573 0.39 0.747
juveniles and adults between 10 and 12m (GOF p-value =0.041;
Fig. 5F), while Kj −Kja found no signiﬁcant segregation of juve-
niles at any spatial scale (supplementary material Fig. S2F). On
the contrary, the spatially varying null model showed that adults
were signiﬁcantly more aggregated than juveniles up to r=18m
(Fig. 6D, GOF p-value =0.002) and indicated that was no segrega-
tion of adults at all scales (Fig. 6E). Considering the heterogeneity,
gj − gja points to the over-mixing of juvenileswith adults up to 18m
(Fig. 6F, GOF p-value =0.001).
In Chamusquín B, the random labeling null model showed that
A. engelii adults were more clustered than juveniles in the 3–10m
range (GOF p-value =0.008; Fig. 5G), and the difference ga − gaj was
signiﬁcantly positive from 0 to 6m (GOF p-value =0.018; Fig. 5H).
The difference gj − gja was signiﬁcantly negative from 4 to 10m
(GOF p-value =0.012, Fig. 5I). However, when using the spatially
varying null model the segregation among adults disappeared
(Fig. 6H, GOF p-value =0.152) and the over-mixing of adults was
conﬁrmed (Fig. 6I, GOF p-value =0.016).
In the San Francisco plot, C. caracasana adults and juveniles
were similarly aggregated and showed no segregation at any spa-
tial scalewhen analyzedwith both K- and g-functions independent
of the null model employed (Figs. 5J–L and 6J–L, and supplemen-
tary material Figs. S2J–L and S3J–L). However, these results should
be considered with caution because of the low sample size.
Discussion
Negative density dependence is a basic mechanism regulat-
ing species coexistence and the maintenance of species diversity
in tropical forests. However, detecting the effects of density
dependence may not always be straightforward due to habitat het-
erogeneity (Wiegand et al., 2007; Getzin et al., 2008). This makes
it difﬁcult to determine the ecological processes driving the spa-
tial structure of the different biological components of the system
under study (McIntire and Fajardo, 2009). In our case, we consid-
ered habitat heterogeneity and its effect on the spatial pattern of
two dominant tree ferns in two different ways. We ﬁrst accounted
for the effect of habitat heterogeneity in the detection of density
dependence, and secondly, we modeled the spatial pattern of the
two tree ferns using some spatial covariates. The ﬁrst approach
allowed us to detect the effects of a density dependent process
without the confounding effect of species habitat preferences (i.e.,
abiotic habitat ﬁltering). The second approach allowed us to pro-
pose and test several hypotheses to explain the spatial distribution
of tree ferns. This involved detecting speciﬁc shapers of the spatial
pattern including mainly plant–plant interactions.
Our study only revealed evidence of NDD (i.e., a decrease in
the clustering of adults compared to juveniles) for C. caracasana
in Chamusquín A. The difference functions Ka −Kaj and Kj −Kja
detected additional segregation of both juveniles and adults, sug-
gesting that some process(es) compatible with NDD may be
interfering with the recruitment of juveniles in the neighborhood
of adults. In fact, this kind of spatial signature has sometimes
been interpreted as evidence of an inhibitory effect of adults (e.g.,
Janzen–Connell effects) or the preference of juveniles to recruit
in large gaps (Getzin et al., 2008). Our models of the inten-
sity of juveniles and adults showed that they are responding to
different processes. Adults are positively associatedwith the abun-
dance of long-lived pioneers (LLPs), while juveniles are negatively
associated with short-lived pioneers (SLP). In fact, C. caracasana
individuals grow more rapidly and reproduce almost exclusively
under conditions of full sun (Arens, 2001). In his study, Arens doc-
umented a height growth rate of 4.8 cm/yr (0.4 cm/month) in the
forest understory and 16.8 cm/yr (1.4 cm/month) in open habi-
tats. A similar growth pattern has been documented for Cyathea
delgadii in both closed and open habitats in Costa Rica (Bittner
and Breckle, 1995). Consequently, adult individuals of C. cara-
casana in ChamusquínAprobably recruited togetherwith other LLP
trees immediately after perturbation, whereas juvenile individuals
recruited in a different context, i.e., in small gaps that periodi-
cally appear in the developing forest once the canopy is closed
(Homeier and Breckle, 2008). The negative association between C.
caracasana juveniles and short-lived pioneer trees (SLP) may be
related to strong competition between these two functional types
after gap creation. When a gap appears, pioneer species try to col-
onize the gaps rapidly by growing intensely in height (Whitmore,
1989), while suppressed individuals of LLP species present before
gap creation grow in height due to an increase in light. In this
context, competition between the two groups (with different life
spans) may occur (Homeier and Breckle, 2008). On the contrary,
both C. caracasana juveniles and adults in the mature forest of San
Francisco were similarly aggregated, and their intensities were not
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Fig. 5. Differences of g-functions using a null model of random labeling, where subscript a indicates adult population and j indicates juvenile population. (A–C), Cyathea
caracasana in Chamusquín A plot. (D–F), Alsophila engelii in Chamusquín B plot. (G–I), Alsophila engelii in Chamusquín B plot. (J–L) Cyathea caracasana in San Francisco plot.
signiﬁcantly heterogeneous. Although C. caracasana is considered
a long-lived pioneer (Finegan, 1992) and does not recruit young
sporophytes under closed canopies (Arens and Baracaldo, 1998),
when overtopped by a competing canopy, it can enter a “persis-
tencemode” characterized by low growth rates, longer lived leaves
and ceased spore production (Arens, 2001). Under such circum-
stances, it shows a shade-tolerant behavior, waiting until a gap
opens to resume growth (i.e., similar to a sapling bank). It seems
plausible that most of the “adults” and “juveniles” in San Francisco
are suppressed individuals in the “persistence mode”. This would
explain the absence of NDD signals and the random homogeneous
spatial pattern in this stand. The low number of Cyathea individ-
uals found in San Francisco concurs with this hypothesis and could
indicate, as suggested by Arens (2001), that suppressed individ-
uals are progressively dying in the shade environment. Since most
gaps in the territory are small, between 20 and 150m2 (Homeier
and Breckle, 2008), population dynamics may be based on the
persistence of these suppressed individuals during relatively long
periods (Garwood, 1989). New sporophytes only recruit in rela-
tively large gaps associated with landslides, which are relatively
frequent in these steep valleys (Ohl and Bussmann, 2004).
The spatial structureofA. engeliipopulationsdidnot concurwith
NDD expectations. Adults had a more clustered pattern than juve-
niles in both initial (Chamusquín B) and intermediate (Chamusquín
A) succession stages. Several authors have pointed out some pro-
cesses that can result in clumped adult distributions, such as low
dispersal rates (Condit et al., 2000; Murrell, 2009), low recruit-
ment rates (Murrell, 2009) and stronghabitat ﬁltering (Condit et al.,
2000; Getzin et al., 2008). The spatial pattern of A. engelii could
be explained by the existence of habitat ﬁltering, as adults tend
to appear in wetter soils (pers. obs.). Environmental dependence
seems to be strong, as this pattern is maintained in two differ-
ent succession stages. The signature of the differences of functions
ga − gj and gj − gja (also of the differences Ka −Kj and Kj −Kja) in
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Fig. 6. Differences of g-functions using a “spatially varying” random labeling null model, where subscript a indicates adult population and j indicates juvenile population.
(A–C), Cyathea caracasana in Chamusquín A plot. (D–F), Alsophila engelii in Chamusquín B plot. (G–I), Alsophila engelii in Chamusquín B plot. (J–L), Cyathea caracasana in San
Francisco plot.
the two plots is compatible with a heterogeneous distribution of
larger and more aggregated clumps of adults and smaller clusters
of juveniles (Getzin et al., 2008). Adult individuals may have been
recruited in large gaps resulting from severe man-driven pertur-
bations in these two forests. Once the forest canopy was recovered
as a consequence of secondary dynamics, the recruitment of new
tree ferns may be associated with small gaps that occur sporadi-
cally. The difference in aggregation between adults and juveniles is
larger in Chamusquín A than in Chamusquín B,which is compatible
with differences in habitat quality. If so, this would have a signiﬁ-
cant effect on the initial density of the new established population
(i.e., adults) but would not affect the structure of new recruits. The
spatially varying null model discarded the segregation of adults
(in accordance with the signiﬁcant positive effects of adults on the
log-linear models of juvenile intensity) and conﬁrmed that recruit-
ment does not occur in independent gaps but is interspersed with
clusters of adults, probably associated to the same wetter habitats
but in smaller gaps than those where adults were recruited. All of
these results reinforce our interpretation that some habitat ﬁlter-
ing (Condit et al., 2000; Getzin et al., 2008) could be responsible for
the spatial distribution of Alsophila adults.
Conclusions
Our study shows that tree ferns respond to environmental het-
erogeneity and somedemographicprocesses (i.e., NDD) in the same
way as spermatophytes and that their study can be tackled byusing
spatial point pattern techniques. This study described the similar
signals for populations whose heterogeneity responded to differ-
ent predictors, indicating the appropriateness of the case–control
design used to examine NDD. Furthermore, the models using
information from tree functional types explained the ﬁrst order
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heterogeneity in most of the observed patterns. Our ﬁndings sug-
gest that the effects of environmental heterogeneity must be
factored out ifwewant to test the effects of NDD. If heterogeneity is
not factored out, the detection of clustered patterns of adults could
not be interpreted as a clear deviation from theoretical expecta-
tions under a process of density dependence thinning, i.e., a decline
in aggregationwith increasing size/age classes (Getzin et al., 2008).
Moreover, as different ecological processes may lead to the same
spatial pattern (Cale et al., 1989; Perry et al., 2006; McIntire and
Fajardo, 2009), the factors inﬂuencing the inhomogeneous distri-
bution of tree ferns should be detected using adequate functions.
Our approach allows a better understanding of the patterns and
the subsequent analysis of density dependence. As Murrell (2009)
pointed out, the increase in aggregation through size classes is pos-
sible, as we have reported here for A. engelii. It is surprising how
few studies have aimed to unveil the ecological determinants of
tree fern performance and their demography. Further research is
needed to gain insight into how plant diversity is assembled and
coexists in tropical forests.
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